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FOREWORD

This report was prepared by the University of Brussels, Brussels,

Belgium under USsF Contract No. AF61(052)-225. The contract was initieted
under Project No. 7350, "Refractory Inorganic Non-Metallic Materials,"
Task No. 735001, "Non-Graphitic." The work was edministered under the
direction of the Directorate of Materials and Processes, Deputy Commander/
Technology, 4eronautical Systems Division, Wright-Patterson Air Force Base,
Ohio. Mr. F. W. Vahldiek was the project engineer.

This report covers work done from April 1961 to April 1962,

wADD Technical Report 60-782, Parts I, I1II, II1, V, VI have already

been published, Parts 1V, VII, and VIII are in precperation.
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ABSTRACT
Homonuclear diatomic molecules are classified according to the ratio
d=4H§(vap.M)/D8(M2). For tremsition elementsAHﬁ(vap.M)A—B!i gy (M),
7—151 (M) is the excitation energy of the free atam to a set of electronic
levels; A and B ure empirical perameters. Experimental conditions for
observing unknown homonuclear diatomic molecules of transition elements are
estimated for&X=2 and 5, using & calculated self-consistent set of free

energy functions.
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FIGURE EXPLANATIONS

Fig.1- a = Anz(vap.M)/Dz(M2) vs 7 where Aﬂz(vap.M) is the
heat of vaporization of the monoatomic species, Dg(Hz) the
dissociation energy of the symmetric diatomic molecule and Z
the atomic number. Triangles (A ) indicate elements for which
0.5 % a 4£1.0, crosses (X) those for which 1.2 & a4 2.5 and

circles { O ) those for which a™® 5.

Fig.2- Measured (0) and calculated (X) heats of vaporization
in kcal/mole for the elements ranging from Ca to Zn.

o _ .
£il(vap.) = 178 = 0.5 Zisi(u) where Z.ie:i(n) is the

a-1 1 a-2 2
s s

sum of the excitation energies to the lowest da, d

da-es]p] levels of the atom.

, d

’

Fig.3- Measured (0) and calculated (X) values of LHg(vap.M)
for Ni, Pd, Pt and elements of groups IB and IIB. Values are
calculated according to the equation:
LU (vap.M) = 131 - 1/4 Zisi(u)
The ground state and the excited states yielding a total of two
d, one s and one p bonding orbitals are the following
Ni: 3d84s2(3F)(tvo d); 3d84s(2D)4p(3F)(one s, one p)
Cu: 3d104s(25)(0ne 8); 3d104p(2P)(one p); twice 3d9432(2D)(0ne d)

Zn: 3a'%s2(!s); 34'°

10,1
(

4s4d(lD)(one s, one d); 3d94s24p(1P)(one d, one p)

Pd: 4d S); 4d953(3D)(one s,one d); 4d95p(3P)(one d, one )




FIGURE EXPLANATIONS (CONT'D)

Ag: 4d105s(2S)(one s);4d105p(2P)(one p)itwice 4d9452(2D)(0ne d)
Cd: 4d10552(15);4d]0555d(ID)(one s, one d);4d95825p(1P)(one d,one p)
Pt 5d96s(3n)(one d,one s);5d96p(x)(one d, one p)

Au: 5d106s(2S)(one s);5d106p(one p)itwice 5d9652(2D)(0ne d)

Hg: 5d106gkIS);5d]0656d(1D)(one s,one d);5d96826p(1P)(one d,one p)

Fig.4- Energy level diagrams for V and Mn. The levels indicated
correspond to the heat of vaporization, AHz(vap.M), to atoms

-2 2
in their ground state: d* s ; to atoms in excited states:

-1 1 =
a® is ’ a® 2slp1 and da; and to atoms in a promoted configura-
tion; Auz(vap.M) + 1/2 E:isi(M); where }Ziei(M) is the sum
of the excitation energies to the levels indicated. a is the

number of peripheric electrons of the elements considered

(a =5 for Vand a = 7 for Mn).




SUMMARY

In this paper two correlations are proposed. The first
correlation classifies the forty odd known homonuclear diatomic
molecules according to the ratio a = AH:(vap.M)/Dg(M2) (heat
of vaporization of an ntom/dillociation energy of the diatomic
molecule). Values of a = 0.5 to 1, 1.2 to 2.5 and > 5 cor-
respond to three categories each consisting of several whole
groups of elements. The significance of this classification
is discussed qualitatively.

The second correlation shows that Aﬂz(vap.M\ can be
closely represented by A - BZIEI(M)ZfEi (M) is the energy
necessary to excite the atoms to a promoted "configuration"
composed of equal contributions of a well defined set of low
lying electronic states of the free atom. A and B are empirical
parameters. One set of electronic states is taken for Ca to Ni,
Sr to Pd, and Ba to Pt with B = 1/2 and A = 178, 206., 230 kcal,/ atom
respectively ; another set of electronic levels and
A = 131 kcal and B = 1/4 represent Aﬂz(vap.M) for Ni, Cu, Zn
Pd, Ag, Cd, Pt, Au, Hg.

Using the first classification, the experimental condi-
tions are estimated for observation of the yet unknown homonuclear
diatomic molecules of the transition elements. For this purpose

a self consistent set of free energy functions has been calculated.

Manuscript rcleased by authors April 1962 for publication as an WADD
Technical Documentary Report.




1. Introduction.

Of the ninety odd possible homonuclear diatomic mole-
cules, classical chemistry had identified about a dozen and
had succeeded in measuring only a few of their dissociation
energies, Dg(Me). In the twenties and thirties, many other
molecules of this type were discovered by optical spectro-
scopy and in many —cases accurate values of dissociation
energies were measured. In the last decade, further homonu-
clear diatomic molecules have been discovered, principally
by mass spectrometry, and the dissociation energies of these
as well as of some previously known molecules have been obtained -
Lattice energies, AHg(vap.M), on the other hand, are relati-
vely well known for practically all elements : in many cases
to 5% and better.

The purpose of this paper is tu establish a correlation
between AH:(vap.M) and Dz(M2) and a correlation between
Aﬂg(vup.u) and the position, Zyof an element in the periodic
table.

These correlationa are based on the presently available

(1—26) listed

dissociation energies and heats of vaporization
in table 1. Up to Rn(Z = 88) quite satisfactory Dg(M2) are
available for about 40 molecules ; seven rare gases do not
form physically stable molecules ; the gaseous homonuclear
diatomic molecules of 24 transition metals and 14 rare

earths are as yet uncharacterized and give rise to a large

gap in our knowledge.




While a few years azo the existence or observation of
metal-metal molecules would Lave been surprising, today many
such molecules have been observed and there is no reason
to believe that like metal atoms cannot combine to form a
molecule with a stable ground state. In fact, in cases already
observed, interatomic forces are quite large and give riase
to appreciable dissociation energies. As shown in table 2,
the dissociation energies of the group IB molecules are
comparable to those of the halogens.

It should be noted that even though Dg may be large,
the vapor phase concentration of molecules can be quite
(27)

small. Kronig had proposed to distinguish between

physical stability, i.e. Dg, of a given species and some
measure of the concentration characteristic of its chemical
stability. It is useful to introduce a quantitative measure

of this latter magnitude and to define the term chemical
stability as the free energy change for the most favorable

net reaction of formation of the molecule. In the case of

many metal-metal molecules, the physical stability is great,
but experimental conditions practically never give rise to

high concentrations of the molecules ; their chemical stability

is alvays low.




It is therefore of great practical importance to know
the experimental conditions under which yet unknown symmetric
diatomic molecules might be observed. For this purpose a set of
free ene:éy functions have been estimated systematically, and
the temperatures at which observable ratios p(molecule)/p(atom)

may be expected have been calculated using the correlation found

between AHg(vap.M) and Dz(M2).

2. Correlation between dissociation energy and lattice energy.

a) The correlation.

For the elements Li, Na, K, Rb and Cs, whose molecules were
known already in the thirties, Pauling(28) observed that

a = AHz(vap.M)/Dz(M2)¢§ 1.5 (1)
was almost constant.

When existing data for Cu2, Ag2 and Au2 were verified(le)
it was noted that a for this group was 1.8 : .1. This prompted
calculation of a for the remaining diatomic molecules.

When o is plotted as a function of Z (Fig.1), three distinct
almost horizontal bands are observed. Members of those bands
which we call "categories" have similar electronic struc-
tures:

the first category 0.5 £ ¢ £ 1.0, includes elements

of groups VB(sapa), VIB(52p4) and VIIB(saps) 3




t'he second category, with 1.2 £ a £ 2, includes elements
of groups TA(s%), 1B(a'%'), I11B(s%p') and IVB(sZp2) ;

the third category, with a® 5, includes elements of
groups ITA(s2) and 11B(d!%s%).

For category 1, D: varies from 225(N2) to 36 kcal/mole
(12) while a varies from 0.5(N) to 1(Bi). For category 2,

D: varies from 142(02) to 10.8 kcal/mole (Ca2) while a varies
from 1.2(C) to 2.6(In). In both categories o is seen to increase
systematically as one descends in the Periodic Table, but this
increase is very small relative to the decrease of DZ(M2).

Some finer trends may be observed in Fig. 1 : there
seems to be a slight systematic decrease in a from s2p3
to s2p4 and s2p5, also from s2p1 to sl and s2p2. The irre-
gularities in group IIIB(Al) and IVB(Ge) may well be due
to experimental inaccuracies.

The case of Cu, Ag and Au deserves closer attention.
Starting with Cu, Aﬂg decreases from 80.8 kcal/nole to 68.3 for
Ag, then increases to 87.3 for Au. The values of Dz are respec-
tively 45.5, 37.8 and 51.5 kcal/mole with an uncertainty in the
relative values of less than : 2 kcal/mole. The resulting a,

-+
with an experimental uncertainty of only about - 5% are

1.79, 1.82 and 1.70 and are seen to be sensibly constant. Further-




more it should be noted that a for K, Rb and Cs also is 1.8 ¥ 0.05

even though Dg is 4 to 5 times smaller than for IB group
molecules.
b) Significance.

The value a = 0.50 for light molecules of category 1
means of course that intermolecular bonding in the crystal
lattice is completely negligible compared to the bond in the
molecule. As one descends in the periodic table a increases
towards 1, showing that the bonding to neighbouring atoms in
the crystal lattice becomes as important as the bond in the
molecule. It could be admitted that this is due as well to
the influence of d-electrons as to that of the polarizability
of these large atoms. This could be decided probably only by
more quantitative estimates which are beyond the scope of
this paper.

Un the other hand, for the category 3 elements, with
the quasi rare gas electronic configuration 52(180), one
assumes that bonding in the gas phase is due to Van der Waals
interactions or slight mixing with excited states causing a
shallow potential minimum in what otherwise would be a repul-
sive curve. In the metal however, the bonding occurs presu-
mably between atoms in a promoted configurution(29). Thus

the two phases have rather different types of bonds hence the




high values of « () 5) observed in category 3. These values seem
to show much larger and more irregular variations than thoase
of categories 1 and 2. Whether this is a property of this
category, or is due to the experimental inaccuracy of the
correspondingly low Dz values is difficult to judge.

It is for category 2 that the correlation becomes really
significant. The a values for group IA have been explained by

(28)

Pauling by assuming that the bonds in gas and metal are
quite similar. In the gas, the s electrons of each atom combine
to form the usual g~ type covalent bond. In the metal this same
i
bondjgssumed to exist, but has a small amount of p character,
and the increase of bond energy per atom pair in the metal is
due to the '"resonance'" of the bond among the 14 nearest and
next nearest neighbors.

On the basis of extensive data for the magnetic and
physical properties of the metals, Pauling(ao) has hypothe-—
sized that bonding in the metal is due to hybridization of
all of the ns, np and (n-1)d orbitals. According to this theory,
the metal bond in group IB would have 287 (d7slp3) and 72%
(dsslpz) character and a valence of 5.56. The decrease, then

increase in atomization energy in going from Cu to Ag to Au

would be due to differences in accessibility of excited states.




In accordance with this idea, the lowest lying excited

levels in Ag are much higher than in Cu or Au. This hypo-
thesis plus the argument used in the case of Group IA implies
that the bonds in the gaseous molecules have a great deal of
p and d character. Presumably, this hybridization explains
why the group IB gaseous molecules are so much more stable
than those of group IA. In the case of B and Al the configu-
ration to be assumed for the condensed phase bond is sp2,

9

(valence 3) while for Ga and In it is d s]pa combined with

1p2(va1ence 3.56). Hence here again the gaseous mole-~

dlos
cules are inferred to have bonds with mixed s and p character
and the valence of the gaseous molecules would be inferred

to be greater than unity and probably closer to the value
3.56 and 5.56 for groups IIIB and IB. These surprisingly

high valencies would satisfy nicely the correlations between
vibrational force constant and bond order advanced by

(31) (32)

Guggenhe pmer and by Gordy 0

3. Correlation between heats of vaporization of the transi-

tion elements and the promotional energy of the atoms.

Bonds of high valency by hybridization of orbitals

have been assumed by Puuling(ao) to explain various properties




of solid metals. Sheline(sa) has made qualitative correlations
between excitation energies of low-lying electronic states of
the transition element atoms and the force constants of their
diatomic gaseous hydrides. However, this correlation with an
"excited''configuration" does not seem to have been used for a
quantitative representation of lattice energies.

The variation of heats of vaporization in the third, fourth
and fifth periods of the periodic table appear at
first sight to be highly irregular (e.g. Figs 2 and 3).
Similar trends in the stability of the corresponding solid
carbides, silicides, nitrides, oxides and sulfides have been

(34)

peinted out by Krikorian and a similarity of the bonds in
these compounds and the metals has been assumed.

A plot of the excitation energies (£) of low lying elec-
tronic states of the elements of these periods, vs.Z shows
however breaks which actually match some of the breaks in the
plot AHZ(vpp.M) vs. Z. If the assumption is made that the
excitation energy to a configuration of high valency can be
obtained as some average of the excitation energy to low-

lying excited electronic states, a situation is found as

shown in Fig.4 for the example of V and Mn. Whereas the heat




of vaporization from V to Mn drops from 122 to 67 kcul/g. atom,

the sum: heat of vaporization plus half of the sum ot excitation

a-11 a=2 1 1
s d 8 p

energies to the three states (d*, d ), is constant

’
within 4 kcals/g. atom. In the designation of excited states
a represents the difference between the atomic number (Z) of the
element and the atomic number of the preceding rare gas.

The lattice energies of the elements from Ca to Zn, from Sr
to Cd, and from Ba to Hg may thus be represented by

Aﬂz(vap.M) = A - Ble L (w) (1)

where the parameter A is the energy necessary to bring one atom
from the crystal lattice into a promoted configuration and
the parameter B characterizes the contribution of the different
electronic states of the free atom to the energy of this promoted
configuration.

Use of this equation is tantamount to the assumption that
the bond energy of the promoted configuration in the lattice
is constant for the elements of a given period.

For the period Ca to Ni, B = 0.5 has been chosen by trial
and error. Then the best fit is obtained for A = 178 kcals/g
atom. Measured and calculated values of Aﬂg(vap.M) are displayed
in Fig.2. The maximum disagreement, of the order of 15 kcals/mole
occurs for Ca, Cr and Ni. This might be explained by the electronic

configuration of these elements: Ca having no d electrons

10




in its ground state is not a transition element, Cr(783),
in contrast to the other elements of the third period has
a du—l$4 structure in its ground state, and Ni has a da
level which corresponds to a complete d subshell, and is
therefore a non-bonding state.

This correlation, as seen above, cannot be properly
applied to Ni, Pd and Pt. It is therefore even less applicable
to elements of groups IB and IIB. Owing to the significant
differences in the electronic configurations of the three
groups of elements, no coherent set of common electronic states
can be found, and a different application of eq.1 was therefore
expected.

For these elements the termi:isi(M) was chosen to represent
the energy necessary to excite the atoms to a set of states
which yield, with the ground state, a total of two d,
one 8, and one p bonding orbitals. The excited states used fof
the different elements are given in the legend tr fig.3,
which displays measured and calculated values of AHg(vap.M)
for Ni, Cu, 2Zn, Pd, Ag, Cd, Pt, Au and Hg.

The best agreement is achieved with A = 131 kcals/mole and
B = 1/4, which is8 in keeping with random &pin concepts. Even

though the enthalpies vary from over 100 to 15 kculs/mole,




measured and calculated values, except for Pt, agree within
10 kcals/mole. This correlation also accounts for the surpri-
sing decrease and then increase in AHz(vap.M) in going from
Cu to Ag to Au.

For the transition elements of the other two long periods,
the correlation is less definite than for the third period,

u-.252, da—asp, da_ls and d* being less

the electronic levels, d
well known. Keeping B = 1/2 constant values of A = 206 and A =
250 kcals/mole give the best agreement for periods 4 and 5
respectively. Certain features of the known empirical data are
well correlated as for instance the shift of the maximum of
Aﬂg(vap.u) from group VA in the third and fourth periods
(V, Nb) to group VIA(W) in the fifth period.

An extension of the present considerations to compounds
(85).

seemsg promising and is being undertaken now Similar

regularities seem to exist(23) also for heats of vaporization
of the rare earth elements and oxides, with breaks in the plots
of Aﬂg(vap.M)_xg. Z at or near the point of the one half filled f
shell ; the complex spectra of the rare earth elements however
do not permit one to propose a simple correlation.

It is believed that this is the first quantitative

correlation which, with a good approximation, represents the

trends of lattice energies in an important part of the periodic




table .Perhaps the empirical choice of the states made in these
correlations could be justified and further refined by a theoreti-
cal study of the problem. That excited states of volatile elements
are systematically higher than those of refractory elements is
a definite fact. An effort to develop a correlation based on tho-

rough theoretical considerations seems therefore worthwhile,

4. Chemical stability of homonuclear diatomic molecules.

The value of a can be shown to correlate with temperature
variation of the concentration of the molecules relative to the

atoms in the saturated vapor. Consider

My(g) === 2 M(s) = Aﬂz(vap.Mz) (2)
M (s) = M (g) AHz(vap.M) (3)
My(g) = 2 M(g) Do(My) (4)
M(g) == M (s) - &Hg(vap.M) (5)

Combining (2) and (3) or (4) and (5) we have

Mo(g) === M(g) + M(s) (6)
for which the enthalpy change is

AHZ(vap.M) - AHg(vap.Mz) = Dg(M2) - Auﬁ(vap.m)
which can also be written as:

Aﬂz(vap.M) (1 - a)/a with a = AHZ(vap.M)/Dz(Mz)

From which:

R d 1n p(M)/P(Mg) = _ AHﬁ(vap-M)(l - a)/a (7)

a(i/Ty
13




From equation (7), if @ is less than unity, the relative

concentration of M2 decreases with temperature. This is the

case for the molecules well known at low temperaturee, By our definition
these are the molecules of category 1. If a is greater than unity,

as in the caseof C2 and the metal-metal molecules for example,

the relative concentration of molecules in the saturated vapor

increases with increasing temperature. Such molecules may be

called the "high temperature molecules".

That monomer-dimer ratios in saturated vapors may increase
or decrease with temperature has been discussed in detail and

(36)

also explained for the case of halides by Brewer It has also

(37)

been shown by Nrowart and Goldfinger that the dimer-tetramer
ratio for group VB elements may increase or decrease with tempera-
ture depending on whether vaporization is from the pure element
or from a compound.

Apparently, the transition elements form molecules of the
"high temperature" group. The most recent techniques have not
been applied to the study of the transition elements, except
for preliminary experiments on four elements: Mn, Ni, Cr and Pd.
It is interesting to see to what extent these techniques might
yield useful information. This discussion will assume techniques

which can detect one molecule in 1()5 atoms: for example mass

spectrometry or spectroscopy.




Assuming these experimental limits, we now calculate

®

what temperaturesand metal vapor pressures will be necessary
to observe molecules if a be equal to 2 (category 2) or 5
(category 3).

The free energy change corresponding to the overall

reaction (8) is given by

OF(g) = RT In p(My) /p(M) AHY (vap.M) - AH:(vap.M2) + Ta(fef)

i

AHg(vnp.M)(] - a)/a + TA(fef) (8)

where(fef), the free energy function, is equal to (F;-Hz)/T.

AF(S) can be considered as a quantitative expression of the

chemical stabilitv for homonuclear diatomic molecules.

5. Calculation of the change in the free energv function for the

reaction Me(g)ﬂrii M(g) + M(s).

(a) The free energy functions of the diatomic molecules are

calculated according to the equation

fefM2=R[7/2 In T + 5/2 1nM + 2 lnd] - 14,308 + fef .

bt fef ) (9)

where T is the temperature in °K ;3 M is the atomic mass of the

element constituting the molecule expressed in a.m.u. § d the

° -1 -1
internuclear distance in A and R = 1,987 cal.degree "mole °,

the gas constant. Vibrational free energy functions, refvib’

(38)

for the harmonic oscillator are given in tables by Pitzer

15




Numerous correlations have been proposed, between internuclear
distances and force conatantas, and between force constants,disso-
O
ciation energiea and internuclear distances. Theme corre-

(39)

lations have heen reviewed by Clementi who also proposed

a relation between interatomic distances and atomic numbers.

However, for the tranasition elements, none of the necessary para-
meters are known and the following procedure has been adopted:

twice the atomic radii for single covalent bonds given by Pauling(ao)
have been used for the interatomic distances ; the values of W
were chosen by analogy with those known for the molecules of the
elements abt the beginning and at the end of each period. Disre-
garding at first the electronic free energy function, fefel,
concerning which practically nothing is known, vne obtains values
for fefM2 varying by not more than T e, about the average
values given in table 3 ; the agreecment is as good four cases for
which good calculations have been made as four groups IA and VIB,
of course taking into account feglin the the latter case.

(b) For the solids, f'ef[M]' and for monoatomic vapors, fefM,
the data, were taken from the table of Stull and Sinke(l). For
the third period the sum fefM + fef[l\a at 1000°K is given in
table 4 as an example. Apparently the average given in table 4
is good within T 1.5 e.u. At higher temperatures and for periods

4 and 5 the fluctuations are somewhat larger. For the rare earths

there occurs a maximum lying 6 e.u. above the average.

16




(c) For Afef of eq.(8) it is proposed to calculate an

average value for each period and for each temperature as

given in table 3, where ¢Afef) =(fefw]> + (fefM7 - (fefM2) + 2.2,
In this way instead of a risk of addition or errors one expects
rather a partial cancellation. In fact, the sum fef[M]+ fefM

may be higher than the average for two reasons: (1) many low

lying atomic energy states, (2) low lattice vibration frequencies.

In the first case, many low lying energy states may alsgo be

expected in the molecule, in the second, e.g. by Baughan's

(40)

rule, a low value of (U and a large value of d and fefM

is expected and vice versa. Of course it is unrealistic to iake
an elec&ronic degeneracy of 1 for the molecule ; we have taken 3
as an average and have added therefore 2.2 to L fef.

It seems thus that for £ fef an uncertainty of about : 2
e.u. could result from fefel (electronic degeneracy between 1
and 10) and a total uncertainty of M 4 to 5 e. u. is a fair
estimate. It is not believed however that a better guess can
be made without definite data at least on vibration frequencies
and electronic states of molecules. An improvement could be
made if an approximate value of DM is known. To a large value

2
of DM , or small o will correspond a large W and a small d and
2
hence a smaller fef“ 3 one could thus calculate a first
2
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approximation of DZ(M2) using A fef) , then correct accordingly
A fef and recalculate a second approximation of D:(M2). As

the estimate stands it could lead to an error in Dz(Mz) of

4 - 5,.8 - 10 or 12 - 15 Kcal at 1000, 2000 or 3000°K res-
pectively or to an uncertainty of : 1 log10 unit in the estimates

of table 5.

6. Conclusions.

In this paper two correlations have been proposed. The
first relates the dissociation energy of homonuclear diatomic
molecules to the lattice energy of the corresponding elements.
The second relates the lattice energy to the promotional
energy of a configuration composed of low-lying excited levels
of the atoms.

If Pauling's theory of a resonating bond for the alkali
metals can be extended to all elements of categories 2 and 3,
and the correlation between lattice energies and promotional
energies finds a sound theoretical basis (maybe based on
energies of interaction of electrons with random apins) it
would also be possible to understand more fully the bonding between
isolated atoms and predict dissociation energies of yet unknown

molecules.




Unfortunately, existing data are still insufficient to
permit one to predict values of a (and hence dissociation
energies of the homonuclear diatomic molecules) for the transi-
tion elements, as the two correlations overlap only for group
IB whose elements have complete d subshells. For this group
however, one finds that the dissociation energies of the
diatomic molecules are related with the availability of bon-
ding low-lying excited levels of the atoms.

It actually therefore seems important to obtain experimental
data on the tramsition element diatomic mclecules to have
an idea of the incidence of d electrons on bond energies.

To this effect from eq.(8) and the free energy functions given
in table 3, we have calculated temperatures and pressures

of monoatomic species at which PM/pM2 reaches 105 for a =2
and o« = 5. These values are given in table 5.

As can be seen from this table, the experimental condi-
tions required are very severe for most cases if a = 5, and
for many cases even if a = 2. Indeed, conventional mass spectro-
metric techniqueswill have to be seriously improved to permit
one either to reach the temperatures or to handle the pressures

in the extreme cases.
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Legend to Table 1.

Under the chemical symbols are listed in order: the
enthalpies of vaporization, the dissociation energies of the
homonuclear diatomic molecules when available, and the value
of a = Aﬂg(vap.M)/Dz(M2). Data not otherwise marked were taken

(1-5)

from and when necessary reduced to O0°K with data in(s).

Beneath some recent data, reference numbers are indicated in
brackets. Estimated reduction to 0°K is marked(*); where a

reasonable reduction did not seem possible the temperature (°®K)

is given in brackets.




TABLE 2. Comparison of DNissociation Energies of Diatomic
Molecules of Llements of Group IB and of the

Halogens.

Molecule Dg(kcal/mole)(ls) Molecule Dg(kcal/mole)(4)

Cu2 45.5 012 57.1
Ag2 37.6 Br2 45.4
Au2 51.5 I2 35.6
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TABLT 3.

Mean values of free energy functions.

Period 1000°K} 2000°K] 3000°K
Sc - Zn| - {fef, D = 61.0 86.9 70.7
2
- (fefm[M]) 52.9 61.8 68.0
{ofef) 10 7 5
Y - Cd - {fef,, ) 2 65.1 71.2 74.8
2
- <fef“+0']) 55.3 63.3 69.8
{ Ofef) 12 10 7
La - Hg | - (fef) ) * 68.7 74.9 78.5
2
- (fefmm]) 57.6 | 64.4 | 71.7
{ bfef ) 13 13 9

* (fefM 7 does not take into account the electronic

quantum weight of the molecule and thus:

<Afef)=-<fefmz) + {fefy (.“J) + 2.2
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TABLE 4.

Element - fefiﬁi - fefél) Element - fefiig - fef&l)
Ca 50.26 Co 53.81
8c 53.55 Ni 54.45
Ti 53.55 Cu 50.69
v 58.77 Zn 52.21
Cr 50.58 Ga 56.95
Mn 52.62 Ge 51.40
Fe 53.50 As 53.09
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TABLE 5

Temperatures and pressures of monoatomic species for which

Py /Py = 1070
2
Element a=2 ! a=25
TeK - log Py T*K - log Py
Ca 600 9.5 1050 3.2
Sc 1250 7.3 2200 1.5
Ti 1850 5.8 3250 0.8
v 2050 5.3 3600 0.1
Cr 1500 6.1 2600 0.7
Mn 1000 7.5 1750 1.6
Fe 1600 6.0 2800 0.8
Co 1650 5.9 2850 0.7
Ni 1850 6.0 2900 0.6
Cu 1250 7.4 2200 1.7
in 450 3.7 750 3.1
Sr 600 8.5 350 4.4
Y 1500 8.0 2600 2.0
Zr 2250 7.0 4000 -
Nb 2950 5.1 4000 -
Mo 2500 6.2 4000 -
Te 2450 6.1 4000 -
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TABLE 5 (CONT'D)

™K - log Py TeK - log Py
Rn 22590 5.9 ‘ 4000 -
Rb 2000 6.8 ' 3950 0.1
Pd 1300 8.6 2200 2.7
Ag 1000 8.3 1600 2.9
Cd 300 13.4 600 3.8
Ba 600 10.1 950 4.5
La 1350 9.4 ; 2250 3.3
Hf 2450 7.6 ' 4000 -
Tg 2900 6.7 4000 s
w 3100 5.4 4000 -
Re 2900 6.6 4000 -
Os 2350 6.8 4000 -
Ir 2350 7.0 4000 -
Pt 1900 7.8 3600 0.9
Au 1200 9.2 1950 3.3
Hg - - 350 3.8

29




" “n ) w
1T 1
- 3
E X
— —_—
X
<
- p 4 X 2 —
. X
o,
(o) xxx
C g
o XX
x 32
o lxx
5 2 2 o~

75

50

25

L

Figure




Mn

100

woye 6/ syjesy

31

Co Ni

Fe

Cr

Ti

Sc

Ca

Figure 2




Kcals/g.atom

40—

Izo —

100

@
o
|

o
=

!
o

N
o

o

L

Ni Cu ZnPd Ag CdPt

Figure 3

32

Au




50

AH® vap.M)

+1/2L €M)

Free atom

(d2-252)

Lattice

Mn

Ficure 4

33




usgy

=33T702 YIISY Ul
S10 4F TRAy

_ e 39
| TuaBawyday
_H._.Eﬁum *sTegsTag

‘
|
|
__
_
|
|
|
Al
|

“saTleanag op
SI0TT @3TsdeATUn

_ gzz=(250)
19 4V 39BIqUO)

_. TOOSEL Asel
DSEL 30aloxd Doy
sfoTTe

pue spunodmoy
yoaeasad
arnjeaadieq Y3y
uotjezTIOdEp

|
|
)]

‘11

*suoTiouny A3J9Ue 38d] JO 39S JUS}STSUOD-JTAS

pajtTnoTed Juisn ¢ pue Z =D JOJ PoYeRITESe
aJe S3UAWSTd UOTRTSUBRI] JO SOTNOITOM ITWORLIP
JeaTonuUoOmOY UmMowitm SUTAIaSA0 JOJ SUOTZTPUOD
Tequouttadyy  *sxsjswesed Teotatdms eae g puw y
£5ToAOT OTUOILO8TD JO 395 ® 04 WOIEB_IBJIT Y3}
Jo £310us UOT3EYTOXD oY} ST (W) L ¥ T M)

¥ m: .nOH =Y {R" ..F..._..._Wx._..__ gUITaTa LOTITEURLY Jog

* (Sa)gn/ (4°dea)ug = D oTans auy 01 Furpdosow
PATJIEEETD aJw nw._:un.maﬂ aTuoqeTp Jesaniomoy

Ydoday patITEsRTIIN

*grad T4 "sataen
feenTTT TowT dov ‘oo Ly fpaoday wpdegul
*SATNOSTON STICIRY] JEITINUOmEY SPTIOC JO

uoTjertiodey jo eqea| Jo pUv SaTnoaToy SNOD
=69 Jo seTidally uoTiel2088Tq Jo UOTIETdI0]
ISTENIVEELEEL HOTH 1Y SAOTTY @y SANmdIH0C 40
HOTIVZTEOLYA *XT W »thl_u.w:.mu.in_.._..d_:. Iy 4dy
"BTUn qE.._n. UDSIeF T =34 T

foe] comEmdan pum sTEYOY ‘sessadold pue
STEILe4ER/2T] "UoTsTAT] £Z9qsAS [ROTANRUOJSY

_ uoyy
_ =3aTTe2 YIISY ul
cl0 4F Teay

"' 99

~ fusdariday °n
midTeg ‘spessnlg
_ fgaTTaXTLIg 3P
aIqTT e3TsIeaTun

_ §2z-(2¢0)
19 ¥ 398J43U0)
TO0SEL AS®L

0$€L 98foagd ooy
sfoTT®

A pue spumoduog
Yodeasad
aanqexadizey STy
uotiezTIodEp

¢ ——

‘IA
“AI
‘IIT
I

€

4

sguohoung LHJata aed] Jo 398 JUSSTSUOL-JTAS

pajrTnaTes Sugsn f§ puw 7 =D Jo] palETLlsd
BJE FjlemeTo UOTI[EURL] JO SaTNaaTol IPEGETH
IvaTonuomoy wMotnnm SUTalesne J0J SEOTITRUO0D
sty *slejsmered TeojsTdes age g pue ¥
{gTaasT oTUDJY29Ta JOo B85 ¥ 0} .wu.ﬁ.ﬂnﬁn.ﬂ auy
Jo Dreus uopieyToce oyy 6T (W) “2 "% (W)

{ 19A0 v\/
’ A
\ /

E 2 v IE-Y oﬁma.&w:d S1U9TRTS UCT3TSURI] JOJ
* ﬁrbwo\ (°dea)Oqy = 0 0TITI 9Y3 03 SuTpacode
PaTJSSETO aJe nw.?oo.nos STwO4BTP JESTINUOWOH

qJo0day patTyISSeToUn

*gJod TY ‘sa1qe’

frenyTr TouT dov ‘7o dew €quodey WrIauUL
*gaTnoeToy 2TODET] JESTOnUOWOy .PTTOS JO
zoTiTITiode) Jo e9ES|] JO PUB SIaTNOSTOH SNO3
-E¥0 Jo EaTOJ0UY UCTIETIO0ESTJ JO UOTJETSIIO0D
SOTMALYHESIEL HOTH IV SEOTTY QNY SONNOJHOD 40
NOTIVZTEOSYA YT %4 ‘ZEL-09-¥I-TavM 2N 3y
*oTyn TEEV uosdeljed-ISTIM

Tqe1 soT=mden pUE STEJOR Ssessedodd pue
STwTdeeR/IT] fUOTSTAT] sTe3shs TROTNEBUOLLY




uoi}
=09TT00 YIISY Ul

SIO 43 TBAY °p
‘Te 3

|
|
|
|
| Szz-
f

fuaforygap *n AT
mTdteg ¢srassnrg
‘saTToxIIg 9P
SIqTT e3fsaeAtuf °*IIT
250)
T9 4V 3oRLjU0]y  °II
TOOSEL Ysel
OSEL ¥03foxd osay  °I
sfoTre
pue spunodwoy °¢
YoJIeasad

* aanjesadiey yITH °2
uotyezTIodes °T

*suoTiouny L3I9Us 98] JO 485 JUS}STSUOO-JT3E

PajeTnoTed Juisn ‘¢ pue Z =D JOJ PIIEUT}SI
al® SJUSWOTS UOTFTSUBIG JO SOTNOITOW STWOReTp
JBITONUOIOY UMOW{UN JUTAJISAO JOJ SUOTRTPUOD
Tequautrodyy °saajetresed TesTaidwe sJae g pue y
£6ToAST STUOILDOTA JO 395 ® 04 WOIE_RIJIJ 3y}

Jo f310Us UOTHEITOND oUF ST {(X) '» '3 * (1)

{ 4900 )
’ A}
\ /

~ -

wmuiz m?v HQ SHUTOTS UOTHTSURLY JOJ
m. voo\ﬁa.qgvofw D 0TITI ay3 04 JurpIosdw
POTJTSSETO ade SITNOSTOW OTLOARTP JBSTONUOWOY

.ﬁ

qJ0day petrJrsseToun

*syed Th ‘soryey

€esnyTT TouT do% ‘79 Aew ‘quaodoy wrasqur
*S9TNOSTOY OTWOLBT(J JEITONUOWOY SPTITOS JO
uotjezirodes Jo S4EA] JO PUE S3TNOITON SNOI
-§%n JO SaTJJIaUY UCT3BTO0SST( JO UOTFETAII0)N
SSTUNIVYIL/TIL HOIH LY SEKOTIY QY SANNOLX0D 40
NOIIYZI¥OJVA °XI 3d ‘Z8lL-09-¥I-aav# IN 3dy
oYy ‘gdy UoSIe}IRd-IF I

Qe sciuela) puw STeIIW 89SsSsd04] pue
STeTI84E/I1Q ‘UOTSTAT(Q sWe}SAG T2oTNEBUOJIY

) uoT3
| =0aTTO® VIISY UT
' cl0 43 TeAY
| *TE 939

| fusSaeutap °n
mydreg fsrossnlg
_ ¢ soyToxXNIg 9D
| a1qT7 e3TsIeATUN
7 Szz-(2€0)
19 JdV 30BI3UOD

_. TOOSEL 82l
05€L 303foad ooy
| sfoTTe
_ pue spunoduog
PEBL:ETER

| sanjesadey yIty
_ uotyezTIodep

°IA

.
™

.
~

*guoT3oUM] £3J9Us 8a8lF JO 485 JUIYSTSUOI-FTOS
pPajETNOTED Jursn ¢ puB g =D I0J PIJEUL}Sd
ale FQUOmSTS UOT}TSUBL} JO SOTNOITOW OTWORBTP
JBITONUOMOY UMODRUM JUTAISSA0 JOJ SUOT3TPUOD
equsuttadyy  *sJejewesed TeoTJTdma ade g pue Y
£SToAST OTUOJ}O8T® JO 39S ® 0} TOJE_921F 3Y3
Jo fsue uoTielTONd U3 ST (W) "» ~ X °(H)

{ 880 )

wmaiz d8a)9y{ SHUSTETS UOTITSURIF J0J
,oo\ﬁ Qm>vo:< D 0T3TI 2y3 0% JUTPIOOO®
vw:ammmﬁo aJe mmasooﬁos OTUOARTP JESTONUONOH

qxoday paTyIsseToun

*grad T4 ‘=aTqed
fognyrT Tout doy ‘2o Ay “jaotioy WLIAUT
*gamoaToy JTRORR JEdTInUODCY SPTIOE JO
unTierTiodey JO EqES[ Jo PUR saTnoaToy SNOd
=GEN JO RaTIL0IN WOTIET20SSTH JO UDTIETEdde]
Vi LT HOTH LY _..»..J..:.. O SONMHOT m;

e YT % ‘ZRL-0-UI-OOVM ON 39
*oTun TRy uosdaliRd-uE Ty

fgwr somumdsn pue sTEley Teessacold pu
S[RT4eITH/ITN (UoTSTAT STR3As [EITInEUOLLY

——




uoty

_ =09TT00 VYIISY UI °IA
SI0 4 TeAy °p

_ “1e 98

‘uedorulap °n ‘AT
mi3teg ¢sTassnag
‘saTToXTIg 9D
8qTT 83Tsd8ATuUf  *TIT
§2z-(2¢0)
7 AY 1derquop  °IT

L TODSEL el
Fosel 3eefoag osdy  °1

sfoTTe
_ pue spunodwony °f
yoaeasal
aanjexedizey ySty e
uoTrjezlIodey °T

*suoTiouny fBIaUs 8al) JO 43S JUBYSTSUOO-JTOE

pajrnoTeo Sutsn ‘¢ pue 7 : D J0J PIYENTLSa
e SQULIWSTS UOTRTSUBRIY JO SOTNOATOW STWORETP
JBITONUOWOY UMOWUN FUTALISAO JOJ SUOTRTPUOD
Tejuartlodyy  *sejsweded TeoTaTdmo sde g pue y
£STOAST OTUOJ}08Td JO 43S ® 09 IOYE_9alJ 33

Jo £339Us UOTHe}TOXS 9Y3 ST (W) T ¥ T ()

{ san0 )
' A
\ /

Ty Tzemy (W°d=a)Qny squomeTs uoTITSURLY Jog

.onvwa\ﬂz.nm>vm:<UHGOMunp ayq 03 JurpJoooe
PRTJTSSETD SJE S3TNO8TOW OTHOGBIP JBSTOMIONMOY

q2odsy paTjrSseToun

*syed TY ‘sotqel

fesnyyy Toutr dov ‘79 Aew ‘szodov wraajuy
*seTnoaTo OTWOARI] JBITONUOWOY SPTTOT JO
uotqezTIodR) JO S3€9]] JO PUB S3TNOSTOY SNOI
—-6Bn JO §4TUJUY UOTERTI0SST] JO UOTFETEII0)
SSIUNIYHIANEL HOIH LY SAOTIY QY SANNOLI0D 40
NOLLVZIMOAYA °XI 3d ‘zgl-09-gl-aavr Iy 1dy
*oTYY “ady UuosIsyjed-3yd Tan

fqe7 soTueds) pue sTeq9y ‘e85ssd0d] pue
mamﬂuwamx\uﬂa fUOTSTATE STHISALC TRVTNBUOIIY

_ uoty

-297T09 VIISY UI
_ SI0 I3 TeAY
1 *1e 3@

| ‘uadeeiaap *n

. mTdTeg ‘syassnag

| ¢ goTToxXNIg SD

' a1qTT @3TsdeATun

_ gzz-(2€0)

T9 JY 30eIUOY

f TOOSEL As=l
0s¢L 199foad 09

sfoYT®

‘ pue spunoduon

YoIBaSad

r aanjexadiey yS Ty

| uoTiezTI0d®Y

-+

Tejusutradyy

*suoTioumy £3IsUs 881 JO 39S JUSISTSUOO-JT3S

poqrnoTes Sutsn ‘¢ pue g =D JI0J POYETILS?
aJ® SUOWRTY UOTFTSUBRI] JO SeTNOaTOW OTmO3eTp
JBITONUODOY UMoOwium SUTALISA0 JOJ SUOTFTPUOD
*sIoysmreaed TeoTaTdms aJe g pue Y
fsTaART OTUOJI}08Td JO 43S ® 0% Woje 94y ayq
Jo £31sus uoT4RYTOXd U3 6T (W) "2 "X (W)

( 4340 v\

-

Ty T 2e-y(i*dsa)3qy squeTeTs UOTATSURIY J0g
.Aoszo\hz.am>vw:< = D 0TATX 3y 0% JuTpIOOI®
PoTJISSETD aJE SaTnosoW OTwO3BTP IESTONUOUOH

q10day peTJIsseToNn

rglad Th ToaTaR)}

frenyTT ToUT dov ‘oo A fpooday SLISGUI
*gaTnoaToy JTEORT] JETonuomoy EPTTOT JO
ueTiezTIode) Jo sjEe{l jO pUT saTmoaTol| cmoa
~gEC 0 galldalr UCTITTOOSST jo UOTHETSLI00
STAIVETOEL HOTH 1Y SEOTTY OMY SINnddHOD 2D
YT 34 TREL-09-ul-aave 3N 38
*oTin TRy uesdeliEg-uE T
foer cotwedsn pue sTEMey fesssecodd pu

1-
sTeIdelm/aTn fuoistatg smelsho

..r.:.
diak b

Gl ]

|

U ————— ||+Y

|
|
|
|




-93TT00 VIISY Ul
SI0 43 TeAY

"Te 39

‘usFoeyrsp *n
mSTeg ©sTassnag
‘eaTTaxXNIg 9D
9IqQTT 93TsdeATuq
_ $22-(250)
19 d¥ 39819U0)

f TO0SEL isey

_ uotq

0S€L 309load osdv
sfoTTe

pue spunodwoy
ydaeasal
anjesadiey yFTy
uotjezrIodes

|
|
-

*III

‘11

*Euntiommy AJaus aed] Jo 188 JULSTSU0I-JTaE

poajrnares Butsn ‘¢ puw 7 =D JoJ pejemyies
al® FRmTs UOTIISURIY JOo SeTnIaToN ITmRIEIp
JRITINULICY UMODAm Fupadssno JoJ suoTyTRUos
Teusatiodry  csasjsmesed [eorajduws edv g pue oy
feTRART JTUDJIDETS Jo j8: ® 07 WOYE_sad] aiyl
70 Faeus UOTIEITOXD BUI BT (W) T2 1T *(w)

T, T €~y (" dea)y ¢ squoTaTs uoTITSURL} Jog
°( bwa\ﬁ.ngvoma =D OT3TI 3Yyq 0% 3urpIosde
Pa1JISSRTD aJe nw?ooﬂoa OTWORTP JBSTONUCWOH

qloday peTJIsseToun

*gyad TH ‘sarqey

feenTTT ToUT doy Tz9 Lwy “qgoday SIeguT
*gRNIAToN 2TWOYEY] Jeafonuomny SPITOC Jo
Eﬂu.nfn_md._._ Jo E3Ee] JOo pPUE saThoeToy choa
=§EN JO SaTdIaUy UCTIRTo08STO Jo UDTRETELI0N
SETENIVEEIEL HOIM IV SEOTIY @MY SONROJNOT 40
AOTIVITEOYA XTI d “Tel-09-8l-ggvM Iy 3dy
"ofun LIV uosdel R I-ME Tan

‘ger soTEmdes pue sTEYEN "eesssood] puE
STeTdemyfIT] "uoleTATy sSeyeds [EolInwUOlaY

uot3
_ =98TT02 VIISY Ul °IA
) SI10 4 TBAY A
_ *Te 19

aanjesadiey BT 2
uotiezTIodes °T

_ fusfarudap *n AT
mydteg “sTassnig
¢ gaTTexNIg 9D
9JQTT ©37sJeATuny  “IIT
_ $zz=(250)
19 JdY 3dvIqU0)  °IT
TO0SEL Asel
0S€L 309foad osdy  °T
sfotTe
_ pue spunodmoy *¢
7 yoaeasad

- — —— —

*suUoTioUNY LFJI9US 98XF JO 398 JUIYSTSUOO-JTSS

pajenoTes Jursn f¢ pue Z =D JOJ PIJEWL}SI
8J® SJULTRTA UOT}TSUBI] JO SOTNOITOW OTWOFETP
JRITONUOWOY UMOWUR FUTAISSQO JOJ SUOTFTPUOD
Tejueuttadey *sisjeweaed Testatdma eJe g pue ¥
£6TaAST OTUOJ}OOT® JO 398 ® 0% WOFE_9WJJT oYY

Jo £3xeus uo14eYTOX® oyl 8T (W) LI E T ")

(1310 )
’
\ /

v

L U 8-V (R°dea)dyy squemeTs uoTITSURI} JOJ
* vacwo\ (W*dea)°qy = D 0T3TI 2y 03 Furpaodde
POTJISSRTO oJ® SSTNOSTOW OTHOABTP JIEBSTONUCHOH

qaoday petJyIsseToUn

*aged T TeaTq%Y
frentT TouT doft ‘gy Led fqlodey wRIej
*eanoeToy ITEOIER] JeSTonucm] SpPE(OS JO

uofqezTdode) Jo ejesl Jo puw samIeTol snoa
=580 JO STdJeuy uoTIET008sT] JO UOTGETSLI0]
SSTENIYHEOEL HOIH IV SEOTIV NY SENNOINOD 40
NOLIYZTHOLYA “XT %4 ‘Zel-09-di-oave 2N 34y
*oTup A4V UosdeIERd-IuE Ty

‘el SoTWELS PUR STRIEH feesesool] DUE
STET4eEY/2T] TUoTeTATg eTRlRis TRoTINRUCIEY




